Abstract-Passive damping is the most adopted method to guarantee the stability of LCL-filter-based grid converters. The method is simple and, if the switching and sampling frequencies are sufficiently high, the damping losses are negligible. This letter proposes the tuning of different passive damping methods and an analytical estimation of the damping losses allowing the choice of the minimum resistor value resulting in a stable current control and not compromising the LCL-filter effectiveness. Stability, including variations in the grid inductance, is studied through root locus analysis in the z-plane. The analysis is validated both with simulation and with experiments.
I. INTRODUCTION

P
ASSIVE damping is the most adopted method to guarantee the stability of the LCL-filter-based grid converters. Neither new sensors nor changes in the control software for the L-filter case are necessary but there are additional encumbrances and losses that could claim for forced cooling [1] . Active damping modifies the control to obtain stability without using dissipative elements. The damping losses are avoided at the price of increased complexity in the control design and/or implementation [2] , [3] ; moreover, sometimes new sensors are added [4] , [5] . This letter reviews the passive damping methods [6] , [7] and proposes an analytical estimation of the losses to select the best configuration resulting in stability without compromising the LCL-filter effectiveness. Stability analysis, including for grid inductance variations, uses root locus in the z-plane. R. Peña-Alzola, M. Liserre, and F. Blaabjerg are with the Department of Energy Technology, Aalborg University Aalborg East DK-9220, Denmark (e-mail: rpa@et.aau.dk; mli@et.aau.dk; fbl@et.aau.dk).
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where
is the resonance frequency, L g is the grid inductance, L is the converter inductance, and C f is the filter capacitance. The damping factors are calculated as
and ζ = R d C f z LC /2 with R d being the damping resistor value. From (2) R d has the order of magnitude of the LCL-filter capacitor impedance at ω = ω res . In the lower power range, the switching frequency ω sw = 2πf sw is selected larger than ω res [9] . The transfer function related to the grid current i g and v has a zero at z = −1/R d C f which decreases the attenuation for ω ω res from 60 dB/decade; see Fig. 2 for the case with no damping, down to 40 dB/decade, and see Fig. 2 for the simple resistor case. Thus, R d should be lower, or at least not much higher, than
where R dsw is the impedance of the filter capacitor at f sw so ω sw 1/R d C f . The current control uses a rotating dq-frame synchronous to the grid frequency. The current control uses a rotating dq-frame synchronous to the grid frequency. When 0885-8993/$31.00 © 2012 IEEE 
where G delays (s) models the computational delay (one sampling period T s = 1/f s ) and the pulse width modulation delay (halfsampling period) and G PI (s) is the PI controller.
At low frequency, the capacitor branch can be neglected, and the LCL-filter behaves as an L-filter with the inductance value as L T = L+L g , i.e., the sum of the grid and converter inductances. This control dynamics remains unchanged with the introduction of passive damping; see [1] for details. Hence, the PI controller is tuned using the technical optimum criterion with integration time [8] for 4% overshoot (damping factor ζ = 0.707) where R T = R+R g is the sum of the grid and converter inductor resistances R and R g , respectively. As the phase shift of −180 [8] , [10] , the minimum damping resistor R dmin for a stable system must comply (4) in order to achieve a positive gain margin in the control. To obtain a simple estimation for R dmin the effect of the delays is neglected as |G delays (jω res )| ≈ 1 for ω res < 2πf s and the numerator of (1) 
From the assumed simplifications, (5) will be accurate in the case of f s f res and L g /L 1. For f s ≈ 2f res and L g /L < 2, R dmin will be approximately 20% of the capacitor impedance value at ω = ω res , which is coherent with the recommended value for the damping resistor [1] of about one-third of that value.
B. Complex Passive Damping Methods
The damping losses P d can be reduced by using additional passive elements in the capacitor branch; see Fig. 3 . In Fig. 3 (a) at the fundamental frequency ω = ω f the inductance L d in parallel with the resistor must provide a low impedance, L d ω f R d [7] , so the fundamental losses P df are nullified. At ω = ω res the resistor must have the dominant current flow path, R d L d ω res , for proper damping. The frequency response for Fig. 3(a) , and so the grid current THD, is very similar to that of the simple resistor case; see Fig. 2 . In order to attain a proper tradeoff, the impedance ratios of the resistor R d and the inductor L d at ω = ω f and ω = ω res are made equal as R d [7] . At ω = ω res the resistor must be the dominant current flow
, for a proper damping. As previously discussed, C d can be
III. ESTIMATION OF PASSIVE DAMPING LOSSES
A. Simple Resistor Case
As R d Z cf , with Z cf the impedance of the filter capacitor at ω = ω f , R d can be neglected to calculate the capacitor fundamental current I cf . Thus, P df for unity power factor can be estimated as
with V nom and I nom as the rated voltage and current, respectively, and V cf is the fundamental capacitor voltage. As usually C f < 0.05 p.u. in order not to decrease the power factor [1] too much, I cf will be small, and thereby P df in the low power range. For ω ω res the converter harmonic currents find a negligible impedance path in the capacitor branch. Hence, the converter connected to the converter inductance L can be used as an equivalent circuit for estimating the harmonic capacitor current i c . The rms value of the inductor harmonic current for the usual space vector modulation was derived in [11] , so the rms value of the estimated harmonic capacitor currentî c iŝ
where m is the modulation index calculated by neglecting the LCL-filter capacitor branch at ω = ω f as
The ratio between i c andî c for the different harmonic frequencies nω f , with the nth harmonic order, is
whereĜ c (s) is the transfer function related toî c and v as well as G c (s) is that related to i c and v. It can be seen in Fig. 2 that the frequency response of (11) is more than unity (>0 dB) for ω ω res and approaches to unity (0 dB). Then (9) is a lower bound of the LCL-filter capacitor rms harmonic current I cHRMS for ω sw > ω res . Thus, a lower approximationP lower dH for the harmonic damping losses P dH is
Converter voltage harmonics, and so the current harmonics, appear as sidebands centered on the switching frequency and its multiples for linear modulation [11] . The current harmonic of order m f −6 is negligible for a large frequency modulation ratio m f = ω f /ω sw . Assuming (m f −6)ω f > ω res , an upper bound of I cHRMS resultŝ
Thereby, an upper approximation P upper dH for the harmonic damping losses P dH results in
For elevated f sw , (12) and (14) are very close to each other. The average of these values can be used to estimate P dH .
Although R dmin for stability is proportional to f s in (5), P dH is inversely proportional to f sw in (12) . However, f sw should not just be increased, since the switching losses are proportional to f sw . Hence, the passive damping is an attractive approach versus active damping when elevated switching frequency is possible since the resulting damping losses are much reduced. For the same f sw , using double PWM update mode (f s = 2f sw ), it doubles the bandwidth [10] and doubles also R dmin in (5) thereby increasing the losses. As usually (L + L g ) < 0.1 p.u. [1] , V cf will be close to V nom in (8) and m will vary a little with the load in (10). Thus, P d varies slightly with the load unlike the switching losses which are proportional to the load current. 
B. Complex Passive Damping Methods
In Fig. 3(b) the current through the whole capacitor branch can be estimated with (9) and (13) with G c (s) being calculated for the present configuration. As most important harmonics are around ω = ω sw , the current through the damping resistor can be estimated by the ratio of impedances at ω = ω sw . Therefore
where (15) is an upper approximation since higher harmonics will have lower ratios
The frequency response for Fig. 3(b) does not degrade for ω ω res as much as in the simple resistor case and so the grid current THD improves; see Fig. 2 .
In Fig. 3 (c) most of the current harmonics bypasses the damping resistor branch by circulating through the parallel capacitor C [12] . P d is reduced although the resistor value for the proper damping is higher than that of the simple resistor case.The authors in [12] proposed equal capacitances in both branches
and, with two parallel branches for C d and C, the resulting current through R d is halved so P df for Fig. 3(c) is a quarter of (8). To calculate P dH for Fig. 3(c) , it must be proceeded as in (15) by considering the main harmonics around ω = ω sw . Hence, P d results in
are also the impedances for ω = ω sw . As previously discussed, (16) is also an upper approximation. In Fig. 3 (d) [6] , the inductor L d is located in parallel to the damping resistor shown in Fig. 3 (c) once more to annul the fundamental losses P df . The frequency responses for the circuits in Fig. 3(c) and (d) are very similar to that for the circuit in Fig. 3(b) , see Fig. 2 . Finally, the insertion of an additional computational delay in the control loop plays a positive role since it results in a more stable system [8] . Therefore, for the same damping in the closedloop poles, the necessary value of R d in the simple resistor case can be halved, and so also the power losses. However, this is at the expense of reducing the bandwidth to 60%; all the details can be found in [8] .
IV. SIMULATION AND EXPERIMENTAL RESULTS
The data of the LCL-filter-based grid converter are as follows: L g = 5 mH, L = 3 mH, C f = 2.2 μF, P nom = 4.1 kW, and V nom = 380 V. All details about the experimental setup along with relevant waveforms can be found in [1] . Table I shows that the estimation R dmin (5) of the minimum damping resistor for stability is conservative and accurate only for elevated f sw as expected from the simplifications used. Tables II and III show that the estimated losses are very close to those obtained by simulation (MATLAB/Simulink). This is because the simulation models of the power devices and the passive elements are ideal. As expected from the assumptions used, the accuracy increases for increasing f sw . Table III also shows the grid current THD obtained by simulation. Fig. 4 shows the z-plane root locus for increasing R d . Stability is attained for R dmin = 8.3 Ω (5), the threshold is R dsw = 9 Ω (3), and a proper damping (ζ cl ≈ 0.1 [8] ) needs R d = 16 Ω. Double update mode doubles the bandwidth up to 848 Hz but it needs R d = 26 Ω and thereby increasing the damping losses. Although R d R dsw this elevated bandwidth lowers the grid current THD. The reduction in P d for Fig. 3(a) with L d = 7.2 mH (6) is small since P df was only 1.1 W. P d and the grid current THD are substantially reduced for Fig. 3(b) with C d = 2.2 μF (7). Fig. 3(c) needs R d = 80 Ω, notwithstanding, P d and the current grid THD are much reduced. As expected (15) and (16) used for Fig. 3(b) , (c), and (d) result in upper approximations for P d . Fig. 3(d) with L d = 36 mH (6) produces a modest improvement since P df was only 1.3 W. Inserting an additional delay requires R d = 7 Ω with a reduced bandwidth, 255 Hz, but an improved grid current THD as now R d < R dsw . Fig. 5 shows the root locus in the z-plane by varying the real grid inductance L g real for the simple resistor case. Stability is assured for decreasing L g real with L g real = 0, the L-filter case, inherently stable. Increasing L g real increases the damping of the dominant poles which resuls in lower overshoots and decreases the damping of the high frequency poles (2) until the system becomes unstable. However, this requires L g real /L g 1 to reduce ω res since the LCL-filter is designed with L g /L>1 [1] . The analysis can be generalized for all the configurations except the double update mode that is stable for all L g real ; see the last row of Table III . The benefits of the circuits in Fig. 3(b) and (c) are at the price of reduced robustness. Finally, an additional control delay reduces the stability as it was expected.
Finally, Table IV shows the values for P d by experiments in the simple resistor case to assess the validity of (12) and (14), the only equations not based on simple impedance relations for different frequencies. The values for P d indicated in Table IV are lower than those in Table II . P d estimated by experiments is close to the lower estimation given in (8) and (12) and even inferior for the lower f sw where the damping losses are higher. This is because the nonlinearities of the passive elements (saturation, core losses, etc.), which further limit the harmonics, were not considered. Therefore, the proposed analysis can be safely used.
V. CONCLUSION
This letter has focused on passive damping of LCL-filterbased grid converters. The damping resistor value must result in stability without compromising the filter effectiveness. The provided analysis allows selecting this value and estimating the losses. The analysis is expanded to more complex methods that reduce the fundamental and/or harmonic components of the damping losses by using additional passive elements. The analysis in the z-plane shows the different robustness of each method when increasing the real grid inductance until the system becomes unstable.
